Highlights:
• The parietal periventricular crossroads are transient structures of the fetal brain 
Introduction
In the fetal cerebrum, the development of axonal pathways is, together with the establishment of synaptic connections, an important step in the construction of the neural circuits. This process is driven by both endogenous and sensory neuronal activity Penn and Shatz, 1999) . In humans, the process of growth and targeting of long projection and associative axonal pathways occurs predominantly during the second half of gestation (Kostovic and Jovanov-Milosevic, 2006 ). The mid-fetal period, between gestational weeks (GW) 17 and 30, is characterized by a substantial elaboration of major cerebral fiber systems that connect the cortex with the subcortical centers, and, at the same time, is the period when the transient cerebral structures reach a developmental peak (Rados et al., 2006; Vasung et al., 2010) . This fetal stage also corresponds to the period when preterm infants are born and when the developing white matter is most vulnerable to hypoxic-ischemic injury, hemorrhage, and infection/inflammation injury. Most notably, periventricular leukomalacia (PVL) is accompanied by neuronal/ axonal disease, with resulting devastating neurological and cognitive sequelae (Volpe, 2009 ). The periventricular region, the site for which PVL has a predilection, is situated adjacent to the lateral ventricles, medial to the intermediate zone, and in close proximity to proliferative cell compartments (ventricular zone and ganglionic eminence). This area has been shown to contain complex crossroads of growing projection, callosal, and associative pathways (Judas et al., 2005) .
The crossroads of pathways in the human telencephalon were first studied by classical histological methods and described by von Monakow (von Monakow, 1905) , and, more recently, by a modern comparative histological/MRI approach (Judas et al., 2005; Kostovic et al., 2018; Vasung et al., 2010; Zunic Isasegi et al., 2018) .
According to these studies, at least six crossroad areas can be distinguished in the fetal brain older than GW 16. Here, the axonal pathways run in all directions, but predominantly in the radial (thalamocortical), sagittal (associative), or transverse (callosal) (Judas et al., 2005) . These periventricular crossroad areas are characterized by an abundant and hydrophilic extracellular matrix rich in axonal guiding molecules (Judas et al., 2005) . Of these, the parietal crossroad area constitutes one major crossroad region, which is situated adjacent to the posterior ganglionic eminence at the exit of the posterior limb of the internal capsule (PLIC). It is topographically located exactly in the periventricular areas where the major hypoxic-ischemic lesions occur.
In vivo data about the developmental features of the parietal periventricular crossroads and about the spatial arrangement of the intersecting fiber systems in these regions are still missing. Fetal brain maturation can be studied in vivo using fetal Magnetic Resonance Imaging (fetal MRI), which is usually performed after GW 17 (Prayer et al., 2006) .
Due to the excellent tissue contrast and the possibility to visualize even subtle structures of the developing fetal brain (Prayer et al., 2006) , fetal MRI has become, in addition to routine prenatal ultrasound studies, a safe and important imaging method in prenatal diagnostics . The advent of ultrafast MR sequences has led to very short acquisition times and has minimized the problem of fetal motion artefacts (Brugger et al., 2006; Chen and Levine, 2001; Yamashita et al., 1997) .
Furthermore, advanced MR imaging methods, such as diffusion tensor imaging (DTI) with tractography, were recently shown to allow the three-dimensional visualization of the main commissural, projection, and association tracts in the developing fetal brain (Kasprian et al., 2008; Mitter et al., 2015a; Mitter et al., 2015b) . The prenatal visualization of the main projection and commissural tracts by DTI was shown to be positively predictive for the postnatal DTI results in the majority of cases (Song et al., 2018) . DTI-based tractography was also successfully used to demonstrate pathological connectivity in human fetal brains in utero (Kasprian et al., 2013; Mitter et al., 2015a) .
The aim of this study was to analyze the age-related developmental profile and the morphological features of the transient periventricular parietal crossroads in normal developing brains using in vivo fetal MRI, including advanced neuroimaging methods such as DTI. In addition, we tried to correlate the in vivo results with the histological data and to identify the key factors responsible for the developmental features of the periventricular parietal crossroads.
Methods:

Fetal MRI examinations:
Subjects:
We retrospectively reviewed data from 576 fetal in vivo and 82 post-mortem MRI examinations. Only singleton pregnancies and cases with normal structural brain development (See Supplementary Table 1 ) and gestational ages between 19 to 39 GW for both in vivo and post-mortem examinations were included in the study. After identifying subjects without brain pathologies in the hospital's database, the following minimal inclusion criterion was applied: available T2-weighted sequences in the orthogonal axial, coronal, and sagittal section planes of the fetal brain. The other sequences of the examination protocol were evaluated for the exclusion of additional pathologies. We also evaluated the results of the DTI sequences, when available. A total of 529 in vivo and 66 post-mortem examinations (see Table 1 for the distribution of subjects according to the gestational age) were deemed to be of appropriate image quality to be included in the study. Indications to perform the fetal in vivo MRI studies included previous performed fetal ultrasound (US) studies with suspected, but not confirmed, central nervous system (CNS) and extra CNS pathologies. MRI examinations in women with a history of abnormality in a previous pregnancy or in a family member, with normal US findings in the current pregnancy, were also included. In some cases, there were up to three fetal MRI re-examinations of the same fetus. No sedatives were given during examinations. We included in the Discussion only one in vivo MRI examination of a fetus at 33 GW diagnosed with PVL. The indications for fetal postmortem imaging (as part of an autopsy protocol) included premature rupture of membranes, fetal body malformations, and intrauterine fetal death. To avoid postmortem tissue degradation, all post-mortem MRI examinations of non-formalin-fixed specimens were performed within 24 hours of the subjects' deaths.
Gestational age was determined by biometry during the first sonographic examination and is presented as age post-menstruation. This retrospective study was approved by the local institutional review board of the Medical University of Vienna (EK 2132/2017). All examined subjects gave written, informed consent and agreed to the scientific use of the imaging data.
Imaging technique:
In vivo fetal imaging was acquired as previously described (Kasprian et al., 2008; Prayer et al., 2004; Prayer et al., 2017; Weisstanner et al., 2015) . The in vivo examinations were performed on a 1.5T MR (Philips Gyroscan Intera, Best, The Netherlands) using a five-element (three posterior, two anterior) phased array cardiac coil wrapped around the mother's abdomen. The preferred maternal imaging position was supine or the left lateral decubitus position. The fetal neuroimaging protocol consisted of: (i) single-shot, fast spin-echo T2-weighted sequences (variable TR  14000 to 25000 ms, TE 100-140 ms, slice thickness 3-4.4 mm, field of view (FOV) 200 mm-230 mm, matrix 256 × 256 (flip angle 90°)) in three orthogonal planes oriented along the axis of the fetal brainstem); (ii) axial and sagittal fast, low angle shot, T1-weighted sequences (TR 134.3 ms, TE 4.6 ms, slice thickness 4-5.5 mm, 
Parameters and image evaluation:
The imaging data were analyzed by one radiologist (RIM) and reviewed by one experienced fetal MRI specialist (DP), with an opinion rendered in consensus. In addition to the routine screening for normal brain development (including the assessment of lamination of the brain parenchyma, gyration and sulcation, and premyelination), in each fetus, the area located adjacent to the posterior ganglionic eminence and lateral and anterior to the trigone of the lateral ventricle, at the exit of the PLIC, was assessed in order to detect the presence of the parietal periventricular crossroads. We considered the detection positive when we could reliably identify at least one crossroad area on one of the orthogonal axial, coronal, and sagittal section planes of the fetal brain in the examined subject. Seventy-four of the in vivo examinations showed image quality appropriate enough to allow quantitative analysis of the size of the parietal crossroads, which was measured on the axial plane of the fetal brain.
In utero tractography was performed using Philips Extended MR WorkSpace 2.6.3.3 as described in Mitter et al. (Mitter et al., 2015b) . We used a deterministic linear tracking algorithm with a multiple region of interest (ROI) approach. A minimum of two ROIs was placed on geometrically coregistered T2-w or SSFP sequences within the projection path of major white matter fiber tracts that project through the periventricular parietal crossroad area (corticospinal tract, superior and posterior thalamic radiation, inferior fronto-occipital fasciculus and external capsule), according to previously published descriptions in the postmortem fetal tractography literature (Huang et al., 2009; Huang et al., 2006; Kostovic and Vasung, 2009; Takahashi et al., 2012; Vasung et al., 2010; Vasung et al., 2011) . Tractography was always first attempted with a minimum FA-threshold of 0.15 and an angle threshold of 27°. If tractography was not successful with those standard parameters, the FA threshold was adjusted to 0.10 and/or the angle threshold was adjusted to 45°.
Since no motion correction was applied to in utero acquired DTI data sets, cases with motion artifacts due to fetal movement or maternal breathing, and cases with inhomogeneous signal-to-noise ratios had to be excluded from further analysis.
Using this approach, tractography of fetal association fibers (including the inferior fronto-occipital fasciculus) is possible in only about 20% of exams (Mitter et al., 2015b) , while tractography of internal capsule fibers is more robust (Kasprian et al., 2008) . We included DTI datasets from 6 exams with exceptionally good data quality and lack of motion artifacts for further analysis with tractography.
Statistical evaluation:
The biometric analysis was performed by M.W., trained and experienced in medical statistics using CIA (Confidence Interval Analysis) Version 2.2.0 (2000 ( -2011 Bryant, University of Southampton). The primary outcome parameter was the detection rate of the parietal periventricular crossroads at each developmental stage between GW 18 and 39. The 95% confidence intervals were calculated using the Wilson method.
Histological examinations:
Brain samples:
In the histological part of the study, 23 post-mortem brains 14-42 gestational weeks of age (GW, Table 2 in Supplementary), were cut along the coronal or horizontal (axial) plane, processed by histological methods, and used for analyses. The brain specimens were obtained from fetuses after medically indicated or spontaneous abortions or after prematurely born infant death. The deaths were attributed to cardiorespiratory causes or other non-fetal causes (see Table 2 in Supplementary). 
Histological and immunohistochemical methods:
Entire brains were fixed by immersion into 4% paraformaldehyde in 0.1 M phosphatebuffered saline (PBS; pH = 7.4). Subsequently, tissue blocks were embedded in paraffin and later cut into 20 µm sections prior to staining. All tissue samples examined were also histologically processed to minimize differences in tissue shrinkage between different developmental cases. Adjacent sections were stained by Nissl modification of cresyl-violet staining or Periodic Acid Schiff staining (PAS -AB) to delineate the histo-structural boundaries of the transient developmental compartments and the content of the acidic mucopolysaccharide (glycosaminoglycans, GAG) component, respectively (Kostovic et al., 2002) .
The indirect immunohistochemical method and antibodies against different molecular epitopes were used to distinguish the content of fetal compartments, the trajectories of axon populations, as well as neuronal, astroglial, microglial cells, or extracellular matrix molecules. The primary antibodies used in this study ( Table 3 , Supplementary) were: monoclonal mouse anti-pan neurofilament (medium) marker SMI-312 (1:1000; clone SMI312, SMI-312R; Biolegend, San Diego, CA, USA); monoclonal mouse anti-neurofilament non-phosphorylated (1:1000; SMI32 clone, Covance, Emeryville, CA, USA); mouse anti-synaptophysin protein (1:100; clone SY38, M7315; Dako, Glostrup, Denmark); rabbit anti-stathmin 1 protein (1:100, cat No:11157-1-ap, Proteintech Europe, Manchester, UK); anti β-tubulin (1:2000, ab18207, Abcam, Cambridge, UK); monoclonal mouse anti caretinin (1:2000; clone 6B3, Swant Swiss antibodies, Switzerland); polyclonal rabbit anti fibronectin (1:400; Sigma-Aldrich); polyclonal rabbit anti-glial fibrillary acidic protein (1:1000; GFAP; Z0334; Dako); monoclonal mouse anti-myelin basic protein (1: 1000; MBP; clone SMI-99P, BioLegend); rabbit anti Iba1 (1:250, EPR16588, FujiFilm Wako Pure Chemical Corporation, USA); and CD68 (1:80, Bio-Rad Antibodies Kidlington, Oxford, UK). The secondary antibodies, the biotinylated anti-rabbit or anti-mouse antibodies from the Vectastain ABC kit (Vector Laboratories Inc., Burlingame, CA, USA), were used to visualise specific immunoreactivity (ir), as described previously (Jovanov-Milosevic et al., 2010; Kostovic et al., 2014) .
After dewaxing in alcohol and rehydration in phosphate-buffered saline (PBS), the sections were pre-treated for 20 min in 0.3% hydrogen peroxide in a 3:1 mixture of methanol and redistilled water, washed for 10 min in PBS, and immersed for 2 h into blocking solution (PBS containing 3% bovine serum albumin and 0.5% Triton X-100) at room temperature. Sections were then incubated with primary antibodies for 18 h at 4°C, washed again in PBS, and further incubated with secondary antibodies for 1 h at room temperature. After that, sections were incubated in Vectastain ABC reagent (streptavidin-peroxidase complex) for 1 h at room temperature and rinsed in PBS for 10 min, and the peroxidase activity was visualized using Ni-3,3-diaminobenzidine (Sigma-Aldrich). Sections were dehydrated in a graded series of alcohols, cleared in xylene, and mounted with Histomount (National Diagnostics, Atlanta, GA, USA).
Negative controls were included in all immunohistochemical experiments by
replacing the primary antibody with the blocking solution or pre-immune goat or horse serum, or by omitting the secondary antibody or replacing it with an inappropriate secondary antibody; no ir was detected in the control sections. Qualitative analysis of the stained histological sections was performed using an upright Olympus Provis AX70 microscope. The images were captured with a Nikon DXM1200 digital camera or acquired using Epson Perfection V850 Pro, or a high-resolution digital slide scanner NanoZoomer 2.0RS (Hamamatsu, Japan).
Results:
In vivo MRI characteristics of the parietal crossroad
Morphology
The distribution of subjects according to gestational age is summarized in Table 1 . In normal brains, in vivo, the parietal crossroads were recognized on the axial sections as triangular-shaped areas with the base oriented in the continuity of the PLIC, adjacent to the posterior ganglionic eminence and lateral and anterior to the trigone of the lateral ventricle, and the tip was oriented in the direction of the subplate. These triangularshaped regions were hyperintense to the subplate on T2-weighted, and iso-or hypointense on T1-weighted images (Figures 1 and 2) . On diffusion-weighted images, these regions appeared as areas of rather increased diffusivity (Figure 3, upper panel) .
Pathway components:
Individual fiber tract components of periventricular crossroad regions were organized as sagittally oriented strata. Using axial diffusion tensor sequences, we found that these areas corresponded to a convergence zone of the PLIC, external capsule fibers, and fronto-occipital association fibers (Figure 3) . Thalamic fiber trajectories (superior thalamic radiation and posterior thalamic radiation) were located medial to the corticopontine tract /corticospinal tract trajectories (Figure 3A -D, Figure 4) . They merged to form the posterior limb of the internal capsule. This converged with the external capsule and inferior fronto-occipital fascicle trajectories at the parietal periventricular crossroads lateral and anterior to the trigone of the lateral ventricle.
The anterior thalamic radiation is located in the anterior limb of the internal capsule and the frontal intermediate zone and therefore does not contribute to the parietal periventricular crossroad area.
Detection rate:
The detection rate of the parietal periventricular crossroads for in vivo and post-mortem examinations is summarized in Table 1 .
A detailed developmental analysis revealed that, in normal brain development, the earliest gestational age at which the triangular crossroads could be identified in vivo was GW 19 (Figure 5A ). After this age, they could be detected all through the second half of gestation (Figure 5B -F) . Also, the individual axonal pathways converging in these areas could be reliably identified during the entire second half of gestation (Figure 6) . The detection rate of the parietal crossroads gradually increased with gestational age and peaked around GW 23-30, with the peak at GW 25-26 (Table 1 and Figure 7) . After GW 30, the detection rate of the parietal crossroads decreased continuously and their signal became eventually isointense to the adjacent structures. After GW 39, they could no longer be detected.
With regard to the influence of the examination plane on the detection of the parietal crossroads, they were best identified on the axial plane (86.36%), followed by the coronal plane (73.55%), whereas, presumably due to their small size, on the sagittal plane they could not be reliably detected (49.58%). Seventy-four of the 524 in vivo examinations showed appropriate image quality for quantitative analysis. If delineable, the axial extent of the parietal crossroads ranged from 4 to 30 mm 2 and increased with gestational age (Figure 8) .
Post-mortem MRI characteristics of the parietal crossroads
The detection of the parietal periventricular crossroads was also assessed on the postmortem MRI examinations. They could also be identified in post-mortem brains in typical locations (Figure 9) ; nonetheless, due to the smaller number of subjects and presumably to the post-mortem tissue degradation and swelling, their detection rate differed considerably from the in vivo conditions ( Table 1) .
Histological characteristics of the parietal crossroads:
In the histological part of the study, the cellular, axonal, and extracellular molecular content of the parietal crossroads during the fetal period, up to term, was analyzed.
The aim was to disclose the specific molecular and tissue element arrangement and the changes in the parietal crossroads during the course of development, in order to assess whether these changes correlate with the changes in visibility and signal intensity on MRI scans (in vivo and in vitro).
The parietal periventricular crossroads were pyramid-shaped, and, on horizontal 
The parietal crossroads during early fetal development
During the beginning of the second gestational trimester (16GW), intensive growth and extension of different subsets of axon populations crossed the periventricular parietal crossroads of the telencephalic wall (Figure 10A) . This was confirmed on histological sections stained by Nissl and with different molecular axonal growth markers, such as antibodies for β-tubulin III (Figure 10B) , non-phosphorylated neurofilaments (SMI32, Figure 10C , which provides minimum stability of the axonal cytoskeleton essential for intracellular transport capability), and dynamic phosphorylated neurofilament proteins (SMI312, Figure 10D) . A part of these fibers belonged to early basal forebrain afferents that extended to the pallium via the external capsule (those positioned most laterally); the cortical efferents, at that time from infragranular cortical layers, as corticopontine and corticospinal fibers coming through the central sagittal strata, took middle position in the crossroads; and finally, the most massive in the parietal crossroads was the thalamocortical fiber system arising from the posterior limb of the internal capsule, which then crossed this area, and extended into the internal axonal strata of the telencephalic wall.
The proliferative periventricular zone and ganglionic eminence (ge), positioned medially to the parietal crossroads, participated in the complexity of the parietal crossroads through the addition of cellular elements: migrating neurons as calretinin ( Figure 10E ) and glial-linkage migrating cells. The migrating cells were not evenly distributed in the parietal crossroads, but rather, presented in clusters as the result of proliferative waves in the ganglionic eminence and sequential ingrowth of fibers in the area. A portion of the fibrillary staining in the parietal crossroads originated from the leading and following processes of the migrating neurons. The glial fibrillary acidic staining showed the organization of astroglial cells that formed the supportive framework for growing axons; therefore, their uneven alignment was in accordance with the organization of the fibers (directions and position of fiber bundles) ( Figure   10F ). During this early fetal period, the CD68-positive microglia were present in the parietal crossroads to a lesser extent (or not at all, on a case by case basis), tightened between fiber bundles (Figure 10G) , and surrounded by an extracellular matrix, as e.g., fibronectin (Figure 10H) .
The parietal crossroads during mid-fetal development (20-30GW)
At the mid-fetal period, the area of the parietal crossroads, on a histological level, seemed to achieve its maximal size, although significantly smaller than that measured on MRI, which was most probably due to tissue shrinkage during the fixation process. An abundance of distinct axonal fibers and bundles were prominent in the parietal crossroads area, much more so than in the previous period ( Figure   11A ). The efferent cortical system (corticopontine and corticospinal tract) could be immunohistochemically distinguished within this area (as well as in the PLIC and the posterior radiation of the ac) due to stathmin 1 protein expression (Figure 11B) , a protein known to be involved in microtubule dynamics and shown to be highly enriched in the developing CST and relatively sparse in other developing tracts at this period (Fuller et al., 2015) . The weak synaptophysin immunoreactivity demonstrated that the fibers in the parietal crossroads area were oriented in many different directions (Figure 11C) . After leaving the parietal crossroads area, growth was sagittally oriented, which provided clearly visible synaptophysin immunoreactivity in the middle sagittal strata (Zunic Isasegi et al., 2018) . This phenomenon of the fibers oriented in all directions (radial, sagittal/tangential, transversal), which defines the crossroads area at mid-fetal period, was also revealed by pan-axonal marker SMI312 (Figure 11D) . After leaving the parietal crossroads area, fibers turned and organized sagittally in the external sagittal strata (mostly external capsule fibers and associative fibers) and internal sagittal strata (mostly thalamocortical fibers, (Zunic Isasegi et al., 2018) ).
Immunohistochemical demonstration of the cellular components in the parietal crossroads area revealed still-active migration processes, mostly tangentially migrating neurons, as shown by calretinin immunoreactivity (Figure 11E) . Also, the clustered organization of GFAP-ir astroglia (Figure 11F ) and CD68-ir microglia ( Figure 11G) between and around the fiber bundles was visible in the parietal crossroads area. The fiber bundles of the parietal crossroads area were thicker, and much more clearly delineated by these cellular clusters, when compared to the previous developmental stage. This was most easily visible on Nissl-and by GFAPstained sections (Figure 11A, 11F) , but could also be distinguished by fibronectin immunoreactivity staining (Figure 11H) due to the abundance of the extracellular matrix between bundles. This confirmed the still significant amount of the diffusible form of the extracellular matrix in the parietal crossroads area necessary for the support of axonal growth.
Thus, the parietal crossroads area in the mid-fetal period of highest MRI visibility was characterized by clusters of cells, by the fibers and bundles oriented in all directions, and by the significant amount of unevenly distributed loads of the extracellular matrix between bundles, which altogether distinguished the parietal crossroads from the surrounding areas.
The parietal crossroads area during the late fetal period: the resolution of tissue specificities and distinction
From 35 GW up to term (40GW, Figure 12) , the organization of the tissue elements in the periventricular crossroads significantly changed. The microscopic analysis revealed an even distribution of cellular elements of all types through the parietal crossroads area, as visualized on sections stained by the Nissl method (Figure 12B) , as well as significantly less ECM, and its even distribution, as demonstrated by Nissl (pink, the cresyl part of the staining) and PAS-ALC staining (Figure 12C) . The abundance of the extracellular matrix between bundles seen in the previous stages was no longer present in the parietal crossroads region, but rather, the ECM expression of molecules gradually decreased during this period. The axons shown by pan-axonal marker SMI312 (Figure 12D) , as well as the glial populations shown as GFAP-immunoreactive astroglia (Figure 12F) , Iba1-immunoreactive microglia ( Figure 12G) , and MBP-immunoreactive oligodendroglia (Figure 12H) were also uniformly distributed in the parietal crossroads area. There was an absence of calretinin-ir migrating neurons (Figure 12 E) .
Thus, at this gestational period, the parietal crossroads were no longer an inhomogeneously structured region, as in the previous period, but had, instead, uniformly distributed cellular and fiber elements, and a smaller and more evenly distributed extracellular matrix compared to the previous fetal stages.
Discussion:
This study characterized in vivo and in vitro an important landmark of the developing fetal cerebrum-the parietal crossroad regions-which contain a complex assembly of axonal pathways situated adjacent to the trigone of the lateral ventricles, the site where hypoxicischemic injury shows a predilection in preterm newborns. Specifically, we have (1) visualized in vivo these transient structures of the developing fetal brain and, based on a robust number of analyzed fetuses, identified the age at which they reach maximum visibility, (2) identified in vivo the fetal axonal pathways that intersect at these areas, including the developing capsula externa, the posterior limb of the capsula interna, and the fronto-occipital association fibers, and (3) documented a good correlation between in vivo MRI and histology for all components of the parietal crossroad regions.
Development of the parietal crossroads:
The second half of gestation and the neonatal period are crucial in the development of axonal pathways and brain connectivity. These complex processes involve a series of sequential events according to a specific timetable and spatial distribution within transient, histologically recognizable, fetal zones, which do not have an equivalent in the adult brain (Kostovic and Jovanov-Milosevic, 2006; Kostovic and Judas, 2006) . Using comparative histological/MRI studies, it was shown that the bundles of growing axons display two basic fiber architectonic patterns: (1) a laminar arrangement in sagittal strata; and (2) These crossroads are considered decision points for axons during their growth toward the final target (Kostovic and Jovanov-Milosevic, 2006) . They contain intersecting callosal (transverse), associative (sagittal), and thalamocortical/corticofugal (radial) fiber bundles (Judas et al., 2005) . They are embedded in an abundant and hydrophilic extracellular matrix, rich in axonal guidance and growth-promoting molecules (Judas et al., 2005; Vasung et al., 2010) , which are known to mediate neuronal differentiation and correct path-finding and target selection (Jovanov Milosevic et al., 2014) . There have been at least six periventricular crossroad areas described, of which the parietal crossroads, together with the main frontal crossroads, were the most prominent (Judas et al., 2005) . On post-mortem specimens, the parietal crossroads showed a triangular shape, with the base corresponding to the exit of the internal capsule and the tip formed by two convergent and sagittally oriented acetylcholinesterase-reactive bundles (Judas et al., 2005) . On MRI, these regions appeared hyperintense on the T2-weighted sequences and hypointense on the T1-weighted sequences (Judas et al., 2005; Prayer et al., 2006) .
In this study, we analyzed in vivo the morphological features and the age-related developmental profile of the periventricular parietal crossroads in normally developing fetal brains. The results are in agreement with previously reported in vitro data. The parietal crossroads are transient structures of the developing fetal brain that can be detected during the midfetal period, beginning at GW 19 and reaching a maximum of visibility in vivo around GW 25. The transient MRI features of the parietal crossroads (hyperintense to the subplate on T2 and iso-or hypointense on T1-weighted sequences) may be explained by the high water content of the abundant extracellular matrix. With ongoing cellular maturation, the amount of the hydrophilic extracellular matrix decreases after GW 35 compared to that in the midfetal period. This is in accordance with the decrease of the total extracellular space and matrix amount in the telencephalic tissue (forms 40% of total tissue volume in the fetal period to 20% of total tissue volume in the mature brain (Nicholson and Sykova, 1998; Sykova and Nicholson, 2008) ). Thus, at later developmental stages, the crossroad regions blur with the surrounding structures.
The fiber components of the parietal crossroads:
One of the principal aims of our study was to identify in vivo the fiber bundles that intersect at the level of the periventricular parietal crossroads using DTI and tractography.
This technique is non-invasive and enables the three-dimensional characterization of the axonal connectivity of the CNS (Basser et al., 1994; Mori et al., 1999) . DTI is considered today a safe and suitable technique for the in vivo study of the human fetal and neonatal brain (Qiu et al., 2015) . The diffusion tensor imaging technique has been shown to depict, both in vitro and in vivo, the early organization and maturation of the white matter fiber bundles (Dubois et al., 2014; Huang et al., 2009; Huppi et al., 1998; Kasprian et al., 2008; Mitter et al., 2015b) , and to be of great utility in the diagnosis of brain developmental pathologies of the human CNS (Kasprian et al., 2013; Mitter et al., 2015a) . Moreover, the prenatal DTI results were demonstrated to be accurate when compared with postnatal follow-up studies and to represent an important predictive tool for the assessment of fetal brain malformations (Song et al., 2018) .
In cases of successful tractography, we could identify in vivo the fiber pathways that intersect at the level of the periventricular parietal crossroads. We found that these areas correspond to a convergence zone of the posterior limb of the internal capsule (the superior thalamic radiation and posterior thalamic radiation were located medial to the corticopontine tract /corticospinal tract trajectories) and the external capsule fibers, and the inferior fronto-occipital fascicle. These fiber pathways could be localized within the anatomically corresponding zones, as analyzed and confirmed by post-mortem histology. We could delineate these fiber pathways in vivo during the entire second half of gestation, beginning with GW 20.
Several previous studies using post-mortem, DTI-derived images were able to determine the initial developmental stage at which the main white matter tracts could be visualized (Huang et al., 2009; Vasung et al., 2010; Vasung et al., 2011) . The initial outgrowth and formation of the joint trajectories of the cerebral pathways occur early, by the end of the embryonic period, before GW 10 (Vasung et al., 2010) . With post-mortem, DTI-based tractography, the internal capsule is recognizable early in development at GW 13.
Throughout development, the internal capsule expands from its core to more anterior and posterior areas (Huang et al., 2009) On histochemical preparations and in vitro DTI images, the periventricular crossroads could be distinguished in the human telencephalon in fetuses older than GW 15. Postmortem DTI analysis allowed visualization of several fiber systems in the periventricular crossroads areas: thalamocortical; corticopontine; corticocaudate; and callosal fiber systems (Vasung et al., 2010) . The in vivo visualization of the developing sensorimotor (corticofugal and thalamocortical) projections was possible already at early gestational ages (GW 18) (Kasprian et al., 2008) . In this publication, the authors demonstrated a dynamic 3D appearance of the sensorimotor trajectories that form the corona radiata, with a rather coronal orientation at earlier GW (18-23 GW) and a sagittal organization at later gestational stages (Kasprian et al., 2008) . In vivo, the PLIC was detected at GW 22 and the inferior fronto-occipital fasciculus could be depicted in vivo with DTI as early as GW 20 (Mitter et al., 2015b) . Therefore, our reconstructions are in agreement with prior knowledge and we could demonstrate that the morphologically detected hyperintense areas located adjacent to the trigone of the lateral ventricles corresponded to the convergence of the developing external capsule, the posterior limb of the internal capsule, and the fronto-occipital association pathways. This also matched the histologically described periventricular crossroads of the fetal brain (Judas et al., 2005) .
Common to all these growing pathways was the change in the direction of axonal growth at the level of the parietal crossroads area, influenced by specific axonal guidance and extracellular molecules released from cells in the crossroad area, making this part of the brain extremely complex and vulnerable at this time point (Jovanov Milosevic et al., 2014; Judas et al., 2005; Kostovic and Jovanov-Milosevic, 2006; Kostovic et al., 2014; Kostovic and Judas, 2006; Kostovic et al., 2002) .
Significance of the parietal crossroads:
The periventricular crossroads represent a complex ensemble of major cortical projection, association, and commissural systems. They are normal transient structures of the developing fetal brain and their physiological normal signal must not be interpreted as ischemic lesions. They are topographically located exactly in the periventricular areas where major hypoxic-ischemic lesions tend to occur. The focal hypoxic-ischemic damage to the white matter in the periventricular region is neuropathologically classified as focal PVL, and, more recently, as a "focal non-cystic white matter injury" (Volpe, 2009) , which is the most common pattern of brain injury in the premature newborn (Miller et al., 2005) . Fetal and preterm MR imaging may identify abnormalities of these regions (Figure 13) , which -due to their crucial strategic functional-anatomical position -may have a fundamental negative impact on further neurological development . Further studies are needed to assess the exact mechanisms which influence the appearance of these structures in pathological fetal brain, thus potentially helping to diagnose these pathologies even prenatally.
On the one hand, these transient structures can be changed pathologically by direct damage to the growing axonal pathways. On the other hand, an intrauterine injury can impair the cells that produce the axonal guiding molecules within the extracellular matrix, and thus, disrupt the three-dimensional navigational framework provided for the identification of the correct trajectories . Therefore, periventricular lesions exert a double pathogenic effect and can lead to complex neurodevelopmental deficits (Judas et al., 2005; Kostovic and Judas, 2006; Vasung et al., 2010) .
Study limitations:
The in vivo fetal neuroimaging protocol used included fast spin-echo T2-weighted sequences with a slice thickness of 3 to 4 mm, which could have influenced the detection rate and the symmetric appearance of the parietal crossroads due to their small dimensions. Their minuteness and spatial arrangement could also have contributed to poor detection on the coronal and sagittal planes, compared to the axial planes. Also, due to the partial volume effect, the size of these small areas was difficult to assess. We attempted to overcome these difficulties by including a robust number of MRI examinations at each developmental stage and excluding examinations with fetal motion artifacts. Fetal MRI at higher magnetic fields, such as 3T, has the potential to supply more detailed information than lower field strengths, due to the higher signal-to-noise ratio and increased spatial resolution (Weisstanner et al., 2017) . Therefore, it is expected that the delineation of these fine structures would be increased by fetal MRI examination at 3.0T. One of the major limitations of DTI-based tractography is its inability to resolve crossing fibers within a single voxel.
As a result, our findings show the convergence of different fiber tracts at the periventricular crossroad areas rather than the fiber crossing itself. Compared to post-mortem DTI, in utero DTI has a lower resolution and signal-to-noise ratio due to the need to use fast sequences. Since the fetal subplate is a zone of low anisotropy (Maas et al., 2004; Mitter et al., 2015a) , tractography of thalamocortical and corticospinal fibers in the fetal brain is often only possible within the internal capsule and intermediate zone, while fiber tracts seem to "break up" in the rather low-FA subplate. Finally, motion artifacts due to fetal movement or maternal breathing might lead to the depiction of false-positive "pseudofibers", therefore a thorough inspection of DTI raw data for movement is necessary before attempting tractography. Due to the reduced number of subjects, and presumably, to the post-mortem tissue degradation and swelling, the detection rate of the parietal crossroads differed considerably in post-mortem examinations compared to the in vivo conditions. Also, we could not perform both an in vivo MRI examination and an in vitro neurohistologic analysis on the same subject for confirmation of the findings in vivo.
Conclusion:
The study provides a detailed, combined in vivo and in vitro analysis of the triangular parietal crossroads, an important anatomical landmark in the developing fetal brain, situated lateral to the trigone of the lateral ventricles, and adjacent to the posterior ganglionic eminence. According to the anatomical complexity of these regions and the vast involvement of motor, sensory, and associative pathways, pathological changes in this region may result in clinically relevant neurodevelopmental impairment. The pathological appearance of the crossroad region indicates an impairment of functions associated with the involved tracts. In addition, it may explain the neurological symptoms in preterm infants with periventricular hypoxic/ischemic or inflammatory lesions. The results of this study provide normative data for further analysis of normal and pathologic human white matter maturation.
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